ABSTRACT. Interspecific hybridization between Napier grass (Pennisetum purpureum), which is widely grown in Brazil for cattle forage, and pearl millet (Pennisetum glaucum) has been used as a breeding strategy for the development of improved cultivars. However, the hybrid between these two species is sterile due to its triploid condition (2n = 3x = 21 chromosomes), which hinders its use in crop breeding programs. It is known that genomic alterations result from the hybridization process. In order to measure the loss of DNA during embryo development, we used flow cytometry to estimate the nuclear DNA content of triploid and tetraploid embryos produced by interspecific hybridization between Napier grass and pearl millet. The triploid and tetraploid hybrids had a mean DNA content of 4.99-4.87 and 5.25-4.84 pg, at 10 and 30 days after pollination, respectively. The mean reduction in DNA content was higher in the tetraploid hybrids. The flow cytometry results revealed progressive genomic instability in these triploid and tetraploid hybrids, with this instability causing significant alterations in the DNA content of the hybrids.
INTRODUCTION
The Poaceae family comprises a large number of cultivated species of high economic value, such as corn, rice, wheat, rye, and various forage grasses. More than 10,000 of all cultivated plant species belong to the Poaceae family, which together comprise approximately 60% of the world's food production (Keller and Feuillet, 2000) .
Pennisetum is one of the most important genera of the Poaceae family. The genus comprises approximately 140 species (Brunken, 1977) . Pennisetum glaucum (L.) R. Br. (pearl millet) and Pennisetum purpureum Schumach (Napier grass) are the most important species economically, which are widely used as forage grasses. Pearl millet's ability to produce grains under conditions of drought, heat, and in infertile soils, along with its high dry matter yield has contributed to the successful cultivation of this species (Pereira et al., 2001; O'Kennedy et al., 2004) . Napier grass is known for its high productive potential, nutritional quality, good palatability, and perennial nature (Pereira et al., 2001) .
Interspecific hybridization between Napier grass (2n = 4x = 28 chromosomes) and pearl millet (2n = 2x = 14 chromosomes) has been used as a genetic breeding strategy for the development of cultivars that combine the desired characteristics of the two species. However, the resulting hybrid is sterile due to the triploid condition (2n = 3x = 21 chromosomes), a fact that impairs its use in breeding programs. The fertility of these hybrids can be restored by chromosome duplication with the use of colchicine (Abreu et al., 2006; Barbosa et al., 2007; Campos et al., 2009a,b) , but this method has low efficiency, and the DNA duplication cannot be achieved at large scales.
The combination of different species' genomes within the cellular and nuclear environment of one parent can lead to the expression of various types of intergenomic conflict, including nucleo-cytoplasmic incompatibility (Jones and Pasakinskiené, 2005) , and can induce the elimination of DNA sequences. These conflicts arise due to differences in genome size, genome composition, regulatory mechanisms, cell cycle duration, and genetic or epigenetic modifications Hegarty, 2009). Feldman et al. (1997) identified a rapid and reproducible loss of low-copy DNA sequences from hybrid genomes in Triticum aestivum. Campos (2007) demonstrated that the frequency of micronuclei, an alteration related to DNA sequence elimination, significantly increased between 10 and 25 days after pollination (DAP) in triploid Pennisetum embryos. More detailed knowledge about this sequence elimination, besides helping to clarify the mechanisms of DNA elimination generally, could be used to select stable genotypes for breeding programs. Therefore, the objective of the present study was to estimate the nuclear DNA content of embryos after interspecific hybridization in order to evaluate the occurrence of DNA sequence eliminations during embryo development.
MATERIAL AND METHODS

Plant materials
Crosses between pearl millet and Napier grass were performed between April and July of 2009 and 2010 to obtain the F1 hybrids (triploid and tetraploid). The experiments were carried out at the Embrapa Dairy Cattle experimental station, in Coronel Pacheco, MG, Brazil. Fifteen interspecific crosses were performed between genotypes from the Embrapa Napier Grass Active Germplasm Bank (male parents) and P. glaucum (female parents) ( Table 1 ). The inflorescences were protected with a paper bag and each cross was done manually. Two inflorescences from each cross were collected at 10, 15, 20, 25, and 30 DAP, corresponding to 10 inflorescences per cross.
Male parent (ploidy level)
Female parent (ploidy level) F1 hybrid (ploidy level) 
Flow cytometry analysis
For DNA quantification and ploidy level determination of the hybrids derived from each cross, 30 embryos were excised from the seeds immediately after inflorescence collection for each of the DAPs. The DNA content of the parental genotypes was quantified in young leaves of each plant.
Ten hybrid embryos were triturated with a scalpel, together with 20-30 mg leaf tissue of Pisum sativum L. (1753) (internal reference standard containing 9.09 pg DNA), on a Petri dish containing 500 µL LB01 buffer (Dolezel and Bartos, 2005) . For quantification of parental DNA, young leaves of each parent were used together with 20-30 mg P. sativum leaf tissue. The nuclear suspension was aspirated through 2 layers of gauze to remove triturated tissue, filtered through a 50-µm Millipore membrane, and transferred to a polystyrene tube. Next, 25 µL 1 mg/mL propidium iodide and 25 µL 1 mg/mL RNAse were added to the nuclear suspension. For DNA quantification, at least 10,000 nuclei per sample were analyzed in a FACSCalibur cytometer (Becton Dickinson). Histograms were obtained using the Cell Quest software and were analyzed on the WinMDI 2.9 software (http://facs.scripps.edu/software.html). The formula used for converting fluorescence values to DNA content was: DNA content (pg) = [(sample G1 peak mean) / (standard G1 peak mean)] x standard 2C DNA content (pg DNA) (Dolezel and Bartos, 2005) .
Data were analyzed as a split-plot time arrangement in a randomized block design, according to Steel et al. (1997) . Analysis of variance and polynomial regressions between DAP and DNA content were conducted using the SAS GLM program (SAS, 2000) .
RESULTS
The DNA content ranged from 4.45 to 5.82 pg for triploid hybrids and from 4.41 to 4.93 pg for tetraploid hybrids. Reductions in the amount of DNA during embryo development ranged from 4.58 to 6.07%.
The DNA content of embryos was similar among most triploid hybrids throughout seed development ( Figure 1A -J). The mean DNA content of embryos at 10 DAP was 4.99 pg, but showed significant reductions during embryo development with an average of 4.87 pg at 30 DAP. Only hybrid 9 ( Figure 1I ) presented an inverse behavior, i.e., the DNA content was 4.76 pg at 10 DAP and 5.09 pg at 30 DAP. DAP and the interaction between DAP and the cross type significantly influenced DNA elimination (P < 0.05). Among the 10 triploid hybrids obtained, only hybrid 2 showed no significant effect of DAP on the DNA content. This finding indicates the higher stability of this hybrid. The DNA content of hybrid 2 was 5.15 and 4.89 pg at 10 and 30 DAP, respectively.
A significant effect of DAP on DNA content was observed for all tetraploid hybrids (Figure 2A-E) . The mean DNA content of tetraploid hybrids was 5.25 and 4.84 pg at 10 and 30 DAP, respectively. Only hybrids 13 and 14 showed no indication of any reduction in DNA content during embryo development ( Figure 2C and D) . The mean DNA content of hybrids 13 and 14 was 4.79 and 4.55 pg at 10 DAP and 4.93 and 4.66 at 30 DAP, respectively. The estimates of the coefficients of variation were low for triploid and tetraploid hybrids (1.59 and 1.31%, respectively). These coefficients indicate good precision and reliability of the values obtained ( Figure 3A and B) . The DNA content of the pearl millet and Napier grass genotypes used as parents in the crosses were also obtained in order to compare the DNA content of the hybrids at 30 DAP with the DNA content expected based on the average of the parental species (Table 2) .
A significant reduction was observed in DNA content when compared with the expected values (average of parental DNA contents). The DNA content of triploid hybrids at 30 DAP ranged from 4.73 to 5.09 pg. The largest reduction in DNA content was observed for hybrid 4, with a DNA elimination of 0.29 pg (5.13%). Hybrids 6, 7, and 10 showed an increase relative to the parental DNA content, ranging from 2.83 to 7.62%. A severe reduction in DNA content of up to 40.5%, corresponding to 3.17 pg, was observed for the tetraploid hybrids at 30 DAP.
DISCUSSION
According to Martel et al. (1997) , the DNA contents of Napier grass and pearl millet are 4.59 and 4.71 pg, respectively. The triploid hybrid DNA content expected based on the average of the parents would therefore be approximately 4.65 pg. Campos (2007) reported a range of the DNA content of triploid Pennisetum hybrids of 4.32 to 4.60 pg values compatible with those observed in the present study.
An immediate consequence of allopolyploid formation is the union of distinct genomes that are similar enough to permit the pairing of homeologous chromosomes during meiosis. Leitch and Bennett (2004) demonstrated that such homeologous chromosome pairing can cause restructuring and chromosome deletions that lead to reduction in DNA content. Indeed, the hybridization process induced DNA elimination in most of the hybrids evaluated in this study. However, in hybrid 2, neither DAP nor DNA content showed significant effects. The more stable behavior of this hybrid might be an indication that this genotype is better adapted to the hybridization process. This hybrid may therefore be selected for studies on chromosome duplication in an attempt to obtain fertile hexaploids for genetic breeding programs.
In hybrid 9, the DNA content increased during embryo development. This different behavior may be due to particular characteristics of the hybrid's parents, or abnormalities dur- ing the cell cycle as a result of hybridization. In a study of hybrids between pearl millet and oat, Ishii et al. (2010) observed that all the 7 pearl millet chromosomes were normally retained during embryogenesis. However, the addition of 1 chromosome, due to chromosome nondisjunction, was observed in 2.4% of the cells. Recently, Ishii et al. (2010) demonstrated the action of the cohesin protein on chromosome elimination in interspecific hybrids between wheat and pearl millet. Chromosome abnormalities such as micronuclei, chromosome delay, non-disjunction, bridges, and chromosome breakage at the arms, among others, were frequent in hybrids in which cohesin degradation did not occur during the cell cycle.
DNA elimination during embryo development was higher in tetraploid hybrids than in the triploid hybrids. This variation was expected since the genotypes used as male parents (hexaploid hybrids) in these crosses were recently obtained by interspecific hybridization followed by chromosome duplication; therefore, the parents of these tetraploids were still in the process of genome stabilization. Thus, variation and/or elimination of DNA sequences were probably common events in these genotypes. According to Riddle and Birchler (2003) , the new genome composition of hybrids may result in conflicts that lead to genetic and epigenetic reorganization. In cases in which the parental genomes are combined from successful fertilization, the elimination of specific DNA sequences occurs during the early stages of allopolyploidization (Liu et al., 1996; Feldman et al., 1997) . A study on newly synthesized wheat allopolyploids has shown that hybrid formation was accompanied by extensive genome changes at the molecular level, including the rapid and non-random elimination of certain DNA sequences, as well as other types of genomic alterations (Ozkan et al., 2001) .
Tetraploid hybrids 13 and 14 showed opposite trends to those seen in the other hybrids. There was an increase in the DNA content between 10 and 30 DAP, corresponding to 0.14 and 0.11 pg in hybrids 13 and 14, respectively. According to Leitch and Bennett (2004) , an expected response to allopolyploidization is the activation of transposons in the new genetic environment of the polyploid nucleus, which can cause an increase in DNA content. The precise effect of polyploidization on DNA content, i.e., an increase, a decrease, or no change, depends on the nature of the transposon and the mode and frequency of transposition.
DNA content estimates showed coefficients of variation lower than 2%. Marie and Brown (1993) proposed coefficients of variation of 1 to 2% for high-quality results. Galbraith et al. (2002) defined a coefficient of variation of 5% as an acceptance criterion for reliable DNA content estimates.
In addition to reductions in the DNA content identified from measurements conducted at different time points following pollination, another important result is the difference between the observed (30 DAP) and the expected value, as estimated from the average of parents. These results demonstrated that the hybrids 1, 2, 3, 5, 8, and 9 were less sensitive to the decrease of the DNA content resulting from hybridization and/or polyploidization.
Several studies have demonstrated that natural selection for a reduced DNA content can be expected if this elimination contributes to genome stability and survival of the new polyploid formed (Leitch and Bennett, 2004) . Rapid and non-random eliminations of sequences have been observed in Triticum-Aegilops polyploids, which play an important role in the differentiation between homeologous chromosomes, promoting the exclusive pairing between homologous chromosomes, as well as in the stabilization of the new polyploid formed (Levy and Feldman, 2004) . Campos (2007) reported the phenomenon of genome instability during the development of triploid Napier grass/pearl millet embryos after interspecific hybridization. A reduction in nuclear DNA content of 4 to 6% was observed after 30 DAP. The author also reported the frequent formation of micronuclei, an alteration normally related to the elimination of chromosomes and/or DNA sequences. These results agree with the present study in which alterations in DNA content were demonstrated by flow cytometry, suggesting the occurrence of genome sequence elimination after hybridization during the development of triploid and tetraploid Napier grass/pearl millet embryos. Further cytogenetic studies of the hybrids analyzed here should provide cytological evidence for the elimination of DNA sequences, such as micronuclei, delayed chromosomes in metaphase and anaphase, chromosome bridges, and chromosome fragments.
Flow cytometry analysis revealed the existence of ongoing genome instability in triploid and tetraploid hybrids between Napier grass and pearl millet, with this instability causing significant alterations in the DNA content of the hybrids. Among the 10 triploid hybrids analyzed, hybrids 1, 2, 3, 5, and 8 suffered less severe genomic alterations due to hybridization, and are therefore the most promising options for future use in Pennisetum spp breeding programs. The mean reduction in DNA content was high in the 5 tetraploid hybrids analyzed (about 30%), suggesting that these hybrids are still in the process of stabilization after hybridization and that their use in Pennisetum spp breeding programs is currently not advised. This study also highlights the importance of flow cytometry as a tool to assist in the selection of genotypes for future use in breeding programs.
